Eye (1994) 8, 245-254 © 1994 Royal College of Ophthalmologists important for regrowth since substrate maps are also pres ent during development for redirecting growth into tar gets.Y We do not know whether substrate maps either persist or are redrawn in the adult eNS after injury, but some neurotrophins are found in the mature eNS 11I-!2 which might be available to support a regenerative response. There is no evidence, however, that regenerat ing neurons recapitulate their developmental growth status. By contrast, in a mature peripheral nerve, trophic molecules and a guidance substrate are both provided by Schwann cells after damage,13 which probably explains not only why regeneration is possible in this system but also why eNS axons readily regrow into peripheral nerves implanted into the brainx.!� and into areas of the eNS in which Schwann cells are seeded.!5.!6
A second possible explanation for the failure of CNS regeneration is contact inhibition!7 -a concept originally introduced by Abercrombie and HeaysmanlB after observ ing fibroblast behaviour in monolayer cultures. In the CNS, inhibition of growth might be brought about by interaction between receptors on axons and glial surface membrane ligands which prevents growth cone adhesion to the substrate or causes growth cone collapse. 19 It is possible that in the normal developing CNS such axon/ ligand interactions might function to confine growing axons within permissive pathways, limit the overgrowth of tracts, and prevent the mixing of functionally different fibre systems.2U. 21 It is assumed that growth cone collapsing and anti adhesive ligands are absent from peripheral nerves, which would explain why motor axons readily regenerate across the CNS/PNS interface into ventral roots and cranial motor nerves."2.c1 However, the latter are one-way con duits, presumably because the ligand-bearing astrocytes at the CNS/PNS junction prevent peripheral sensory axons from penetrating the root/cord junction. [24] [25] [26] At an early stage of development the axons of neural crest derived dorsal root g41nglia (DRG) are able to invade the cord to establish the definitive dorsal roots,27 possibly because either receptor and/or ligand expressing glia cells are absent. 
CELLS EXPRESSING CONTACT INHIBITORY LIGANDS
The cells that mediate the contact inhibition which might prevent regeneration in the CNS are thought to be the macroglia, but the relative contribution of each is unknown. A major inhibitory role2s-33 has been attributed to oligodendrocytes, which are thought to express unique molecules on their surface and in the myelin sheaths. Two proteins of 35 kDa and 250 kDa have been isolated and partially purified from CNS myelin which inhibit axon growth34 by inducing growth cone collapse.35 When a hybridoma producing monoclonal antibodies against the 35 kDa protein is implanted into the subarachnoid space of experimental animals with partial spinal lesions, high titres of the antibody appear in the cerebrospinal fluid, and some regeneration appears to be promoted in the cord.36.37 It is assumed that neutralising antibody penetrates the CNS parenchyma and reacts with the oligodendrocyte proteins, thereby blocking axonal receptor engagement. Regrowth is as incomplete in grey as it is in white matter, and it is therefore unlikely that inhibition by contact with oligodendrocytes/CNS myelin provides a complete explanation for the failure of CNS regeneration. In vitro, neonatal CNS neurons are unable to grow neurites over cryosections of both pre-and post-myel ination optic nerves.38 Furthermore, in vivo experiments have shown that adult rat CNS fibres will not regenerate into embryonic/neonatal rat optic nerve grafts in which both oligodendrocytes and CNS myelin are absent. 39 Rep lication of these experiments in the periphery has con firmed the findings of Giftochristos and David40 that regenerating peripheral axons do not penetrate either mye lin/oligodendrocyte-free adult4' or fetallneonatal39 optic nerve grafts unless Schwann cells co-migrate with the growing axons. Perhaps a more direct test for the hypoth esis that oligodendrocyte/CNS myelin inhibits regener ation is provided by studying the injury response of axons in unmyelinated CNS in vivo. Although some workers have reported axonal sprouting proximal to a lesion in hypomyelinated CNS,4::O.43 regeneration is not seen after complete transections of the Browman/Wyse (BW) rat mutant optic nervelS in which both oligodendrocytes and CNS myelin are entirely absent44,45 (Fig. 2) . Thus, if the explanation for non-growth of axons into myelin/oligo dendrocyte-free mammalian CNS is inhibition, astrocytes must be active in this process, at least as early as the late fetal stage of development.
Although a correlation is lacking between regenerative failure and the onset of myelination in the developing mammalian CNS, in the chick there is a strong relation ship between myelinogenesis and functional and anatom ical restitution of the lesioned spinal cord.46-49 Myelination of fibre tracts in the avian spinal cord begins on embryonic day (E) 13. Transection at the thoracic level 15) before El3 is associated with complete anatomical repair and functional recovery, but both diminish over the period E13-E14, and are unachievable beyond E15. Delaying the onset of myelination by complement-mediated killing of oligodendrocytes with a mouse galactocerebroside mono clonal antibody extends the repair/recovery period at least until E15,48 when double retrograde tract-tracing unequiv ocally demonstrates regeneration of axotomised cord axons. 46 Reactive astrocytes in a CNS lesion have long been implicated in the failure of CNS axons to regenerate.50-54 As already mentioned, it is unlikely that the astrocytes in the scar act as a physical barrier to growing axons but they could provide a 'physiological stop signal' for axonal growth,S5 possibly mediated by the anti-adhesive proper ties of either secreted or cell surface membrane bound molecules such as sulphated proteoglycans56.57 or tenas cin. 58 Tenascin exhibits paradoxical enhancing and inhibitory effects on neurite outgrowth which have been mapped to different domains of the molecule. 59 Tenascin is present in very low titres in normal adult brain but is markedly up regulated in injured adult mouse cerebellum and cere brum60 but not in mouse optic nerve.61 By contrast, in regenerating peripheral nerve tenascin expression is also enhanced.62 An extracellular matrix protein JI-160/1S0 with about 40% sequence homology with mouse tenascin is secreted by oligodendrocytes and also has growth cone substrate anti-adhesive properties.30.63.64 Chondroitin-6-sulphate proteoglycan inhibits neurite outgrowth in vitro65 and its expression is upregulated in astrocytic scar tissue in vivo. 66 The ability of astrocytes to support neurite growth in vitro67 and in ViV068.69 is age related and could be correlated with the synthesis of cell surface inhibitory pro teoglycans,67 or a progressive downregulation in the pro duction of neurotrophic/tropic molecules.7o
AXONS EXPRESSING THE RECEPTOR FOR THE INHIBITOR LIGAND
The results of transplantation studies have provided evi dence that the receptor for putative glial inhibitory ligands may not be expressed on axons early in development 
GROWTH INHIBITION ASSAYS
Several tissue culture techniques have become available lesioned adult rat optic nerve normal adult rat optic nerve adult intact rat sciatic nerve adult lesioned rat sciatic nerve both intact and lesioned rat sciatic nerve adult intact rat sciatic nerve adult lesioned rat sciatic nerve both adult and perinatal (EI8-PI) rat optic nerve adult intact rat sciatic nerve. and both adult and perinatal optic nerve adult lesioned rat sciatic nerve adult intact rat sciatic nerve, both adult and perinatal optic nerve adult lesioned rat sciatic nerve Interpretation of the results of such experiments does, however, require caution. For example, since growth inhi bition is mediated by receptor/ligand interaction, the method tests not only the potency of the cryosection sub strate to inhibit neurite outgrowth of the test neurons but also the receptor expression of the neurites. The differ ential growth response of neurites over cryosections seen is related to age and source of test neurons in the assay -two properties which probably correlate with receptor expression. For example, neonatal rat DRG neu rites grow over cryosections of unlesioned adult sciatic nerve38,74,77,79 but the neurites of adult rat DRG do not,3R,77 and neonatal rat retinal ganglion cells (RGC) neurites fail to grow over normal and lesioned adult rat sciatic nerve.3R Adhesivity of the cultured test cells to the substrate is, in most cases, positively correlated with the regenerative response, but for neonatal RGC, despite good attachment to the surface of cryosections of lesioned rat sciatic nerve, no neurite extension occurS.38 During normal develop ment inhibitory ligands appear to be expressed in the rat CNS at least by E20, since the neurites of neither adult nor neonatal neurons will grow over cryosections ofE20 optic nerve (Fig. 4) . 38 Evidence from cryoculture experiments also suggests that receptors for inhibitory ligands are expressed on growth cones at least by birth in the rat, since the neurites of l-day-old RGC and DRG are unable to grow over either neonatal unmyelinated or adult mye linated CNS neuropiex On the other hand, Ard et al. 82 have shown that E 15 rat RGC will extend neurites in cul ture among oligodendrocytes synthesising myelin basic protein.
In order for the results of cryosection experiments to be relevant to CNS regeneration, mature rather than imma ture neurons should form the test system and the growth characteristics of their neurites carefully documented on a wide range of substrates and correlated with in vivo behaviour.
Growth Cone Collapse
The growth of axons is defined as the forward extension of the tip of the neurite. The latter is expanded into a special ised structure called a growth cone, the integrity of which is essential for axon extension. From the cone emanate fil opodia and lamellipodia which sample the immediate local microenvironment. The cone contains the organelles and metabolic machinery for activities such as membrane expansion, cytoskeletal actin and tubulin assembly and surface membrane adhesion, all of which contribute to axonal elongation. 83 Growth cone collapse (Fig. 5 ) occurs in response to particular environmental signals and is defined as a dra matic change in both shape (from a spread to a collapsed state) and behaviour (with the temporary cessation of motility). 84, 85 Collapse is probably associated with actin and tubulin depolymerisation. 73 The phenomenon can be observed in vitro and quantified to assay the potency of growth inhibitory molecules and substrates.86 Multiple glycoproteins, including myelin derived proteins33,87 and peanut lectin binding proteins,8x,89 cause growth cone col lapse. In vivo, growth cone collapsing molecules may act transiently in development as pathway boundary defining molecules (e.g. preventing the invasion of (I) spinal nerves into the caudal half of each somite90 and (2) tem poral retinal fibres into the posterior tectum9!) and in dis couraging interfasciculation of heterogenous groups of axons (e.g. peripheral nerve axons with CNS axons.84.92 Permanent growth cone collapse, which presumably accounts for the failure of axonal regeneration in the CNS, has not been observed in vivo but might occur when growth cones enter an environment where the inhibitory substrate is ubiquitous. There is, however, evidence that growth cones can adapt to prolonged exposure and become desensitised to growth cone collapsing mol ecules.93,94 Neurite growth cone collapse is induced in vitro on contact with both 0ligodendrocytes28-33 and lipo somes coated with CNS myelin proteins, but blocked in the presence of neutralising anti-CNS myelin protein antibodies.36.37,87
LIGAND-RECEPTOR INTERACTIONS
Growth cone collapse assays have demonstrated that ligand-transmembrane receptor interactions in some cases activate second messenger transduction systems within the growth cones by the release of Ca2+ from intra cellular stores after activation of G protein linked recep torS.9S-97 The large increases in levels of growth cone Ca2+ concentrations which occur in the presence of growth inhibitory myelin proteins are abolished after treatment with neutralising antibodies. ,5 Collapse is also prevented by treatment with blockers of Ca2+ released from intracel lular stores" and enhanced by G protein binding agon ists.97 However, some ligand-receptor interactions effect growth cone collapse without mobilising intracellular Ca2+.9R
The best-characterised growth cone collapsing mol ecule is collapsin, a 100 kDa non-membrane-spanning secreted glycoprotein.99 Originally isolated from chick embryo brain, its recent cloning and sequencing reveal sequence homology with both fasciclin IV, an insect growth cone guidance molecule,loo and a single C2-type immunoglobulin-like domain. It is expressed at high levels also in adult brain, and in muscle and lung tissue.
CONCLUSIONS
Permanent inhibition of axon growth could account for the abortive regeneration that occurs after CNS injury. This growth arrest could result from either collapse of the growth cone or its detachment from the substrate. A variety of glial-derived ligands have been identified which are thought to mediate contact inhibition through recep tors on the surface of axon growth cones linked to an intra cellular second messenger system. For example, avian and mammalian oligodendrocytes and CNS myelin express surface membrane bound growth cone collapsing proteins which inhibit axon growth on contact, and mammalian astrocytes appear to elaborate growth inhibitory anti adhesive molecules. Receptors for the ligands mediating growth cone collapse and anti-adhesive activity have not been identified, but their expression on axons appear to be developmentally regulated.
Understanding more about receptor expression and the receptor-ligand interactions leading to arrest of axon growth, together with the characterisation of the mol ecules responsible, could suggest ways of preventing inhi bition and thereby provide clues as to whether regeneration is possible after injury of the adult CNS.
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